Kinetic parameters of phenyl isocyanate-monoalcohol reactions has been studied using a microreactor system. The monoalcohol components were propan-1-ol, butan-1-ol, propan-2-ol and butan-2-ol. The reactions were conducted in alcohol/THF mixed solvent under pseudo-first-order circumstances at various temperatures. The reaction mixtures were analyzed by off-line HPLC. Reaction rate constants and apparent activation energies have been determined with good precision. The reaction rate constants were higher for the primary alcohols than for the secondary alcohols. Higher apparent activation energy was found for the secondary alcohols compared to the primary ones. The applied technique provides a simple way to study the effects of various factors (e.g. structure of the isocyanate and the alcohol, temperature, solvents, concentration of reagents, catalysis) on the kinetics of the isocyanate-alcohol reactions.
Introduction
Microfluidics is a continuously growing field having many application in practically all areas of chemistry, including organic chemistry, chemical technology, biochemistry and also in medicine [1] [2] [3] [4] . Advantages of microfluidic devices are rapid and well controlled mixing, precise temperature control, fast and effective mass and heat transfer, reduced reagent consumption and safer conditions [5] [6] [7] . Besides optimizing reaction conditions and building compound libraries, combining automation systems with microreactors provide a time and material efficient way to study reaction kinetics. Experiments in series can be performed without the need for preparing new solutions and changing reaction vessels for each experiment, only setting the selected flow rates and temperature are necessary.
The reaction of isocyanates and alcohols is an important transformation regarding not only its synthetic usefulness to prepare carbamates (Scheme 1) but its economical role in producing polyurethane type polymers (Scheme 2). Polyurethanes form as a result of the reaction of an at least difunctional isocyanate with polyols usually containing both primary and secondary hydroxyl groups.
Kinetics of the isocyanate-alcohol reactions have been of interest for many decades. The first detailed investigation was published by Baker and Holdsworth [8] . The uncatalyzed addition reaction follows secondorder kinetics at high alcohol concentrations [9] . Depending on the conditions there may be a deviation from this kinetics at later reaction stages due to the autocatalytic effect exerted by the urethane product [10] . However, the autocatalysis is more pronounced in the case of aliphatic isocyanates [11] . There has been no consensus yet on the reaction mechanism, moreover, it is questionable that a general mechanism for the urethane bond formation exists which gives explanation on the influence of phenomena like catalysis, autocatalysis, solvent effect and molecular interactions on the reaction rate constant and on the activation energy. For a given isocyanate-alcohol system, activation energy dependence on the solvent can be found [12] [13] [14] [15] [16] [17] [18] . Some experimental activation energies found in the literature for the uncatalyzed alcoholysis of phenyl isocyanate (PhNCO) using propyl and butyl alcohols are given in Table 1 . It can be seen that the values for the primary and secondary alcohols are in the range of 30-48 kJ mol −1 and 41-52 kJ mol −1 , respectively.
The reactivity of polyols used in polyurethane fabrication is a very important factor and has a large effect on the physical and mechanical properties of the product [19] . As a difference in the reactivity of primary and secondary hydroxyls towards the isocyanate exists, knowing the kinetic parameters (e.g. rate constants and activation energies) can be informative when specific polymer characteristics are needed.
Aim of the present study is to check the applicability of a microreactor system for the rate constant and activation energy determination of the reactions of PhNCO with different primary and secondary alcohols. There has been no study so far in which a microfluidic device is used for kinetic measurements of the alcoholysis of isocyanates.
Results and discussion
Propan-1-ol, butan-1-ol, propan-2-ol and butan-2-ol were chosen to study their reactions with PhNCO. The microreactor setup is summarized in Fig. 1 . 0.04 M PhNCO and 8.0 M alcohol solutions, each prepared in THF, were pumped to the microreactor chip. Because of the equal flow rates, the isocyanate and the alcohol enter the chip at 0.02 M and 4.0 M, respectively. Due to the high alcohol excess, pseudo first order conditions were achieved. At each selected temperature in the range of 40-80°C, four runs in total were carried out by varying the flow rate of 60-15 μL/min (for each stream) corresponding to 125-500 s of reaction times. With these conditions, the PhNCO conversion was in the range of 28-70% for propan-1-ol, 37-82% for butan-1-ol and 14-55% for propan-2-ol and butan-2-ol. The reaction mixture was quenched using n-butyl amine which reacts instantaneously and quantitatively with PhNCO to form the urea derivative N-butyl-N′-phenylurea which in turn was quantified by HPLC. Typical HPLC chromatograms are shown in Fig. 2 . The minor peak besides the butyl urea and the urethane corresponds to N,N′-diphenylurea, resulting from the reaction of PhNCO with the traces of residual moisture present in the alcohols and/or in THF. Quantification of this compound in each run indicated that no more than 5% of the isocyanate were converted by this side reaction.
Plotting the logarithm of the isocyanate concentration decrease versus the reaction time gave linear relationships for all the studied alcohols (Fig. 3) . The maximum relative standard deviation was 5% (not shown in the figure). For linear fitting, R 2 values were between 0.996-0.999. The slopes yielded the observed rate constants which in turn were divided by the alcohol concentration to furnish the second-order rate constants ( Table 2 ). The alcohol concentration remains practically constant during the reaction. The reaction rate constants are 1.4-3 times higher for the primary alcohols than for the secondary ones. Increasing the alcohol chain length results in increased reaction rate difference between the corresponding primary and secondary alcohol. However, this difference is being subsided at higher temperatures. In the case of the propan-1-ol and butan-1-ol, the latter is 1.2-1.4 times more reactive, while the rate constants for propan-2-ol and butan-2-ol are (within the error of measurements) identical.
Apparent activation energies (E a ) and pre-exponential constants (A), shown in Table 2 , were determined using the Arrhenius equation. The Arrhenius plots are shown in Fig. 4 . The activation energies are equal within the
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Experimental section Chemicals
Tetrahydrofuran, propan-1-ol, propan-2-ol, butan-1-ol and butan-2-ol (VWR International Ltd.) were analytical grade and stored over 20%w/w activated 3 Å molecular sieves at least for two days, furnishing solvents with no more than 30 ppm of residual water [20] . Acetonitrile (VWR International Ltd.) was chromatography grade. Phenyl isocyanate and n-butylamine (Acros Organics) had purity of 99%. N,N′-diphenylurea (Alfa Aesar) had purity of ≥98%. N-butyl-N′-phenylurea, propyl phenylcarbamate, isopropyl phenylcarbamate, butyl phenylcarbamate and sec-butyl phenylcarbamate were prepared by reacting phenyl isocyanate with nbutylamine, propan-1-ol, propan-2-ol, butan-1-ol and butan-2-ol, respectively. After purification by flash chromatography on silica gel the products were used for HPLC calibrations. 
Microreactor setup
The Asia microflow system (Syrris Ltd., Royston, UK) consisted of two Asia Syringe Pumps each equipped with 250/500 μL syringe pairs, an Asia Reagent Injector with two 5 mL loops, an Asia Heater equipped with a microreactor adaptor, an Asia Pressure Controller and an Asia Product Collector. An Asia 250 μL glass chip (mixer: 250 μm depth, 300 μm width, 532 mm length; microreactor: 250 μm depth, 400 μm width, 2509 mm length) was installed into the microreactor adaptor. Storage bottles for the pumps were filled with THF. The loops were filled with 0.04 M PhNCO solution in THF and 8.0 M alcohol solution in THF, respectively. The flow rates for the two streams were set equal. According to its specification, the maximum standard deviation of the Asia Heater is ±1,3% in the range of 40-80°C. The backpressure regulator was set to 10 barg to avoid gas formation (boiling of the solvents) and to guarantee stable and accurate flow rates. The system was operated via the Asia Manager software. The collection volumes were set to 1000 μL with minus 250 μL pre-slug and minus 250 μL post-slug volumes in order to collect only from the steady-state concentration zone of the stream. Practically it means that 500 μL of solution was collected into vials containing 1 mL acetonitrile and 30 μL n-butylamine. The quenched reaction mixture then was diluted with acetonitrile to 10 mL in a volumetric flask and subjected to HPLC analysis. The accuracy of the flow rates was verified by pumping N,N′-dimethyformamide (DMF) through the system at pumping speeds and temperatures used in the study, and collecting volumes of 500 μL into pre-weighted vials. Backpressure regulator was set at 10 barg. DMF was chosen as being non-volatile there is practically no evaporation during the collection period. Weighting the collected volumes using analytical balance indicated the flow rates to be within ±0,5% in each flow rate-temperature set.
Analysis method
PhNCO concentrations were determined by HPLC via the urea derivative N-butyl-N′-phenylurea. The analysis was performed using a HP 1050 equipped with a LiChroCART 250-4 LiChrospher 100 RP-18 column (4 × 250 mm, 5 μm) and an ODS-Hypersil C18 guard column (2.1 × 20 mm, 5 μm), both operated at 40°C. Samples were injected via autosampler from a 20 μL sample loop. Compounds were detected and quantified Fig. 4 Temperature dependence of the reaction rate constants with a UV absorbance detector at 246 nm. The mobile phase consisted of water and acetonitrile. The gradient conditions were as follows: 0 min, 25% acetonitrile; 0-6 min, 25% to 80% acetonitrile; 6-10 min, 80% acetonitrile; 10-11 min, 80% to 25% acetonitrile; 11-14 min, 25% acetonitrile (re-equilibration) at a flow rate of 1 mL/min.
